Abstract: Although most land plants are hosts for arbuscular mycorrhizal fungi (AMF), a small number of plant families are arbuscular mycorrhizal (AM) nonhosts. There are indications that strigolactone levels in root exudates of AM nonhost plants are lower than in AM host plants, and it has been shown that in the strigolactone-deficient rms1 mutant (ccd8) of the AM host plant pea, the AMF colonization of roots is highly reduced. Application of the synthetic strigolactone analogue GR24 to this strigolactones-deficient mutant restored AMF colonization of roots. Our objective was to determine whether the application of GR24 to AM nonhost plants can affect their susceptibility to AMF. To test whether GR24 affects AMF colonization in our experimental system, we added GR24 to the strigolactone-deficient pea ccd8 mutant. Application of GR24 increased AMF colonization in the pea mutant to a similar level as in the pea wild type with normal strigolactone levels, showing clearly that in our experimental setup, application of the GR24 positively affects AMF colonization in strigolactone-deficient plants. Observation of cleared roots after application of GR24 to four AM nonhost plant species inoculated with the AMF Glomus intraradices showed that colonization did not occur.
Introduction
Most land plants are arbuscular mycorrhizal fungi (AMF) host plants; however, some plant families (e.g., the Brassicaceae and the Chenopodiaceae) are nonhosts for AMF. Lupinus spp. are exceptions in the AM host family Leguminosae, in that they do not form arbuscular mycorrhizal (AM) symbiosis (Harley and Harley 1987; Smith and Read 2008) .
The mechanism responsible for the nonsusceptibility of these plants to AMF is still controversial. It has been suggested that root exudates of AM nonhost plants lack signals essential for root colonization by AMF or that compounds inhibitory to AMF, possibly in combination with the lack of essential signals, prevent AMF colonization (Koide and Schreiner 1992; Giovannetti and Sbrana 1998; Vierheilig et al. 1998a; Vierheilig and Bago 2005) .
Strigolactones are known to be exuded by roots, and they have been shown to stimulate seed germination of parasitic weeds (Bouwmeester et al. 2007; Steinkellner et al. 2007 ). Strigolactones also act as signalling molecules for the establishment of the AM symbiosis owing to their activity on AM hyphal branching (Akiyama et al. 2005) . As the presence of roots of AM nonhost plants is not effective in inducing hyphal branching, hyphal branching in the vicinity of roots of AM host plants has been suggested to be a prerequisite for successful root colonization by AMF (Giovannetti and Sbrana 1998; Buée et al. 2000; Douds 1999, 2000) .
The importance of strigolactones for AMF colonization of roots was demonstrated when inoculating pea mutants deficient in strigolactones with AMF (Gomez-Roldan et al. 2008 ). In the strigolactone-deficient pea mutant, AMF colonization was drastically reduced compared with the wild-type plant with normal levels of strigolactones. However, application of the synthetic strigolactone analogue GR24 to the pea mutant restored AMF colonization of roots.
When using germination assays of seeds of Striga or Orobanche for the detection of strigolactones, root exudates of AM nonhost plants do not stimulate seed germination or stimulate seed germination only at very low levels compared with seed germination in the presence of root exudates of AM host plants (Berner and Williams 1998; Steinkellner et al. 2007; Fernández-Aparicio et al. 2009; Lendzemo et al. 2009 ). This indicates that strigolactones in root exudates of AM nonhost plants are either present only at very low levels or are absent and thus AMF colonization of roots is impaired.
In the present study, we tested the hypothesis of whether application of the synthetic strigolactone analogue GR24, known to restore AMF colonization of roots in pea mutant plants deficient in strigolactones (Gomez-Roldan et al. 2008) , does affect root colonization by the AMF Glomus intraradices in AM nonhost plants.
Materials and methods

Plant species
Seeds of the AM nonhost plants Arabidopsis thaliana (L.) Heynh. (cv. columbia 0, Brassicaceae), spinach (Spinacia oleracea L., winter giant, Fito ® , Chenopodiaceae), Lupinus polyphyllus Lindl. (Russel hybrid, Rocalba ® , Fabaceae), and Buckwheat (Fagopyrum esculentum Moench, Polygonaceae), of the AM host pea (Pisum sativum L. cv. Parvum, Fabaceae), and of the pea mutant rms1 (P. sativum ccd8, Beveridge et al. 1997), which has been shown to be strigolactone deficient (Gomez-Roldan et al. 2008) , were used.
Fungal inoculum
A monoxenic culture of G. intraradices (DAOM 197198) was used as inoculum. The monoxenic culture (G. intraradices and transformed carrot roots) was prepared according to Chabot et al. (1992) . A 90-mm-diameter Petri dish containing about 100 g of medium with colonized carrot roots, hyphae, and spores was cut into pieces and mixed homogeneously with 50 g of soil. The inoculum mixture (15 g) was placed in the planting hole directly under each plantlet.
Preparation of GR24 solution
The synthetic strigolactone analogue GR24 (Chiralix, Nijmegen, the Netherlands) was first dissolved in a small volume of acetone (1 mg GR24 in 25 µL acetone) and thereafter diluted to 1 × 10 -9 mol/L with sterile distilled water. A control solution with the same final concentration of acetone, but without GR24, was also prepared.
Experimental design and growth conditions
Seeds were surface sterilized by soaking for 10 min in a 3% w/v solution of NaClO followed by soaking in a 7% v/v solution of H 2 O 2 . Surface-sterilized seeds were then spread over sterile wet filter paper in a Petri dish. When radicles emerged, plantlets were transferred to sterile vermiculite where they were grown until they were transferred into pots (diameter, 12 cm; volume, 0.4 L) containing a growth substrate, which was a 1:1 v/v mixture of autoclaved (20 min at 120°C) soil and sand and inoculated with the AMF. Inoculated plants were grown for 7 weeks in the greenhouse with a photoperiod of 18 h of light at 24°C and 6 h of darkness at 18°C. Pots were watered once a week with a 1/4 phosphorous-containing (10 mg/L) Hewitt solution (Hewitt 1966) .
Every second day, 15 mL of the 1 × 10 -9 mol/L GR24 solution or the respective control solution was applied to the growth substrate close to the root of each plant. Plants were watered with tap water, when necessary, on the days without GR24 application. Plants were harvested 7 weeks after inoculation; roots were rinsed with tap water and stained with black (Shaeffer) ink (Vierheilig et al. 1998b) . After staining, roots were observed with a binocular dissecting microscope (Zeiss KL 1500 LCD, Maple Grove, Minnesota) and the per- Fig. 1 . Percent of AM root colonization in pea wild-type plants with normal strigolactone levels, in pea mutants deficient in strigolactones, and in AM nonhost plants after the application of the synthetic strigolactone analogue GR24. Columns followed by different letters are significantly different according to a Tukey honestly significant difference test (P < 0.05, n = 4). cent of AMF colonization of roots was determined with the gridline intersect method (Giovannetti and Mosse 1980) .
Statistical analysis
The experiment was performed with four plant replicates per treatment. At least 50 root pieces per plant were checked microscopically for AMF colonization of roots. Statistical analysis was done with a Tukey honestly significant difference test (P <0.05, n = 4).
Results
AMF colonization of roots of the strigolactone-deficient pea mutant (14 ± 7b) was significantly lower compared with the pea wild type (44 ± 5a, Fig. 1) . Application of GR24 resulted in the same levels of AMF colonization of roots in the pea mutant (37 ± 8a) as in the pea wild type. Neither in the control treatment (data not shown) nor in the treatment with GR24 in plants of A. thaliana, S. oleracea, L. polyphyllus, or F. esculentum could any signs of AMF colonization be observed (Fig. 1) .
Discussion
In our study with the strigolactone-deficient rms1 pea mutant, we confirmed the effect of strigolactones on AMF colonization of roots reported by Gomez-Roldan et al. (2008) . The percent of AMF colonization of the strigolactonedeficient mutant was significantly lower compared with the pea wild type with normal strigolactone levels. Application of the synthetic strigolactone analogue GR24 resulted in the same levels of AMF colonization of roots in the rms1 pea mutant as in the pea wild type, showing that strigolactone application can completely restore AMF colonization in strigolactone-deficient plants. These data clearly show that in our experimental setup, application of the synthetic strigolactone analogue GR24 positively affects AMF colonization in strigolactone-deficient plants.
Recently, the presence of strigolactones in the root exudates of the two AM nonhost plants A. thaliana (Brassicaceae) (Goldwasser et al. 2008) and Lupinus albus L. (Fabaceae) ) was reported. However, the strigolactone levels in root exudates from these nonhost plants seem to differ from those in AM host plants. When comparing the effect of root exudates of carrot, tobacco, and A. thaliana on Orobanche seed germination, Westwood (2000) reported reduced levels of seed stimulating compounds in root exudates of A. thaliana. Yoneyama et al. (2008) recently found that strigolactone levels are reduced by a factor of 1000 in root exudates of the AM nonhost L. albus compared with strigolactone levels in root exudates of the AM host Trifolium pratense L.
We found that application of the synthetic strigolactone analogue GR24, shown before to stimulate AMF colonization of roots in a strigolactone-deficient mutant of the AM host pea, to the AM nonhost plants A. thaliana, S. oleracea, L. polyphyllus, or F. esculentum showed no effect on the susceptibility of these plants to the AMF G. intraradices. No signs of AMF colonization were observed in roots of any of the nonhost plants tested. These data indicate that the relative absence of strigolactones in root exudates is not involved in the nonsusceptibility of these AM nonhost plants to AMF.
